Introduction
Several systemic and cellular responses to external stimuli are evolutionarily conserved. The immediate immune response to tissue damage is such a well-preserved vital reaction in both vertebrates and invertebrates. Innate immune leukocytes such as neutrophils and monocytes/macrophages play pivotal roles to ensure wound repair by preventing pathological infection (Brancato and Albina, 2011; Dovi et al., 2004) . However, it is not yet fully understood whether the inflammatory response is required for the wound healing process by itself, in addition to its role in microbial clearance.
In vertebrates, several studies using different regeneration model systems have been performed to determine the contribution of each immune cell lineage to the wound repair process (reviewed in Eming et al., 2009 ). However, owing to intricate and dynamic interactions of innate inflammatory cells in concert with adaptive immune lymphocytes, the role of the overall immune response in the outcome of wound healing is still inconclusive. For example, recent studies with transgenic mice undergoing conditional macrophage depletion revealed their essential role in the wound repair process (Goren et al., 2009; Lucas et al., 2010; Mirza et al., 2009) . But in two of these studies, macrophage-depletion caused prolonged accumulation of neutrophils at wound sites (Goren et al., 2009; Lucas et al., 2010) . Neutrophils and their proteases have been implicated in mediating the tissue damage associated with chronic inflammatory diseases (Yager and Nwomeh, 1999) . In inflammatory reaction macrophages are responsible for the clearance of neutrophils (Meszaros et al., 2000) . Indeed, the repair of epidermal wound in the neonatal PU.1 null mouse that lacks both functioning neutrophils and macrophages exhibited more efficient repair without leaving fibrosis and scar at wounded site (Martin et al., 2003) . Furthermore, the wound closure is accelerated by solely depleting neutrophils in young mice (Dovi et al., 2003) , while it is delayed in aged mice (Nishio et al., 2008) .
Similar to the vertebrate models, studies using the fruit fly Drosophila melanogaster have recognized the conserved interrelation between the immune response and wound repair (reviewed in Belacortu and Paricio, 2011; Razzell et al., 2011) . Given the absence of the adaptive immune system in insects, the innate immune system exclusively conducts the host defense (Lemaitre and Hoffmann, 2007) . In Drosophila, the hemocyte lineages comprising plasmatocyte, crystal cell, and lamellocyte are responsible for the cellular innate immunity (Fauvarque and Williams, 2011; Meister, 2004) . The plasmatocyte, accounting for more than 95% of hemocytes, is a dedicated phagocyte displaying functions similar to the mammalian monocyte/macrophage lineage. In contrast, crystal cells and lamellocytes have no obvious counterparts in mammals. The crystal cells secrete the components necessary for melanization of invading pathogens as well as for wound repair. The lamellocytes encapsulate invading large parasites, but are rarely present in healthy larvae. The absence of adaptive lymphocytes in Drosophila makes the study of the roles of the innate immune responses easier. Additionally, advanced technical and genetic manipulations in Drosophila facilitate aseptic tissue damaging in vivo. Thus, Drosophila provides a useful model system to study the contribution of innate immune cells to wound healing and tissue regeneration.
Live imaging of hemocytes in Drosophila embryonic and larval skin wound repair models revealed the dynamics of migration and phagocytosis of wound cellular debris by migrating hemocytes (Babcock et al., 2008; Pastor-Pareja et al., 2008; Stramer et al., 2005) . The healing of aseptic wound in hemocyte-depleted serpent mutant embryos showed an entirely normal time course of wound re-epithelialization (Stramer et al., 2005) . Moreover, the genetic ablation of hemocytes in larvae prior to epidermal wounding did not impair epithelial closure (Babcock et al., 2008) . These results suggest that wound healing of epidermis does not require hemocytes under aseptic wound conditions. Hemocytes were also found to adhere to the disrupted basal membrane of imaginal discs upon wounding or during tumorigenesis (Pastor-Pareja et al., 2008) . A tumor suppressor activity by the recruited hemocytes was reported in disc-derived malignant tumor. However, their function in imaginal disc regeneration has not been determined. Indeed, imaginal discs exhibit a remarkable regeneration ability (reviewed in (Bergantinos et al., 2010b) ). Unlike Drosophila epidermal wounds, in which the epidermal cells do not proliferate during healing, the regeneration of imaginal discs is accompanied by a localized massive cell proliferation at the wound site forming the so called regeneration blastema (Abbott et al., 1981) . Interestingly, in disc regeneration the cell proliferation at the wound site begins concomitantly with a peaking in the number of adherent hemocytes around 24 h after wounding (Bryant and Fraser, 1988; McClure et al., 2008; Pastor-Pareja et al., 2008) . This is also the case in vertebrate wound healing, where the number of attached macrophages peaks during the phase of tissue formation (Martin and Leibovich, 2005) .
Furthermore, in classical transplantation experiments of fragmented imaginal discs not only hemocytes but also fat body cells frequently adhere to the wound site of disc fragments in cultivation (TK, unpublished observation). Fat body is known to serve as a crucial tissue to sense nutritional signals to coordinate the growth of the organism (Tennessen and Thummel, 2011) , and also acts as the pivotal organ for systemic humoral innate immune responses (Lemaitre and Hoffmann, 2007) . However, the contribution of the fat body to the regeneration of imaginal discs is not clearly defined.
In this study we determined the involvement of innate immune cells, both hemocytes and fat body cells, in imaginal disc regeneration. Under immunodeficient conditions the regenerative growth potentials of damaged or fragmented imaginal discs were comparable to controls, suggesting that in Drosophila the innate immune system does not play an essential role during tissue regeneration under aseptic conditions.
2.
Materials and methods
Fly strains
Transgenic lines used were: Cg-GAL4 (Asha et al., 2003) , omb3-GAL4 (Tang and Sun, 2002) , UAS-rpr (Aplin and Kaufman, 1997) , 5xQE-dsRed (Zecca and Struhl, 2007) , puc E69 -lacZ (Ring et al., 1993) 
2.2.
Yeast strains and fly culture medium made of erg2D::TRP1 yeast
The S288C-derived strain YPH499 (Sikorski and Hieter, 1989 ) was used to generate the erg2 knock-out strain. The endogenous ERG2 gene was replaced with TRP1 by PCR-based gene targeting (Janke et al., 2004) . The primer sequences for generating erg2D::TRP1 were: Forward, TGT CGC TCA ATC AAA CTA AGA CTA GCC CAG ACC ATT ATA GCC ATG cgt acg ctg cag gtc gac; Reverse, ATA A TG GAC TAC CGC ATG ACT GAT TTC GTG AGG TCG GGC AGC TTA atc gat gaa ttc gag ctc g; the sequences annealing to ERG2 5 0 -and 3 0 -flanking regions and TRP1 cassette are shown in upper and lower case, respectively. To make agar-based culture medium with erg2D::TRP1 yeast (erg2D yeast medium), yeast cells were mass cultured in synthetic complete tryptophan-minus medium. The harvested cells were washed several times with PBS to remove medium contaminants and the clean cell pellet was immediately used or stored frozen until used. Heat-inactivated yeast paste was mixed with the same volume of 1.0% glucose/1.2% agar solution and solidified in plastic vials. Methylparaben, penicillin, and streptomycin were added as antiseptic agents.
To arrest larval development with the erg2D yeast medium, staged embryos were dechorionated and sterilized with 4% sodium hypochlorite solution and cultured on erg2D yeast medium under sterile conditions.
Genetic cell ablation of imaginal discs
Staged embryos of w, omb3-GAL4/w, UAS-rpr; tub-GAL80 ts /+ were cultured on either normal fly medium or erg2D yeast containing medium at 18°C. Apoptosis was induced in the larvae grown on normal fly medium or erg2D yeast medium The compensatory cell proliferations of imaginal discs to the genetic wound were tested on larvae fed on normal or erg2D medium, at day eight (red arrowhead) or 14 (green arrowhead), respectively. Leg imaginal discs of w, omb3-GAL4/w, UAS-rpr; tub-GAL80 ts /+ (B and C) or control lacking GAL4 (D, w/w, UAS-rpr; tub-GAL80 ts /+) were examined. After 24 h induction of reaper (rpr) at 29°C, the larvae were cultured on 3 mg/mL BrdU containing medium for 6 h at 18°C. B and C. omb3-GAL4 positive dorsal part of leg discs were genetically wounded. Apoptotic cells were detected with antibodies directed against cleaved Caspase3 (B, B''; and C, C''). Localized cell proliferations at wound site were observed not only in the developing larvae on normal food (B, B'), but also in the arrested larvae on erg2D medium (C, C'). D. A leg disc of a control larva not expressing GAL4 grown on erg2D medium did not show localized cell death and cell proliferation.
by a temperature shift to 29°C for 24 h at day seven or 13, respectively.
Counting hemocytes
Larvae were washed and excess surface water was removed completely. Six larvae were herded on a cold siliconized slide glass and dissected in rapid succession to collect bled hemolymph. The hemolymph was immediately transferred onto a hemocytometer, and hemocytes were counted. Counting was repeated in three independent experiments. p-Values were calculated with Student t-test.
2.5.
In situ wounding of wing imaginal discs and transplantation of fragmented imaginal discs
To generate the larvae lacking immune cells, larvae were grown on the fly medium made of erg2D yeast under temperature control schematically shown in Fig. 3A . The larvae were washed in 70% ethanol and transferred into a drop of PBS on a siliconized glass slide placed on an ice-cold metal plate. In situ wounding of wing discs was performed by pinching discs over the larval cuticle relying on 5xQE-dsRed signals under the fluorescence stereoscope. Since 5xQE-dsRed was also detectable in tracheal tubes ( Supplementary Fig. 2 ) we were able to damage specifically wing discs while taking special care not to break the respiratory system.
Transplantation of imaginal disc fragments was performed essentially as previously described (Ursprung, 1967) . The posterior three-quarter fragments of prothoracic leg imaginal discs were cultured in control or immunodeficient host flies. The immunodeficient flies were generated on normal fly medium under temperature control as in Fig. 5A .
Histochemistry
For immunohistochemistry the imaginal discs, lymph glands, and fat body were fixed in 4% formaldehyde/PEM The larvae were cultured on erg2D yeast medium at 18°C until development was arrested at middle-to-late third instar larval stage (days 8-9). Immunodeficient larvae were generated by over-expressing rpr in immune responsible cells (hemocytes and fat body) from day nine. Wing imaginal discs were wounded at day 12 by pinching them with forceps from outside of the epithelia. (B) Fat body cells in control and apoptosisinduced larvae were marked by GFP (Cg-GAL4, UAS-GFP) at day 12. 5xQE-dsRed shown in magenta marked wing discs. (C and D) Hemocytes were labeled with GFP (Cg-GAL4, UAS-GFP) in control (C) and apoptosis-induced larvae (D) at day 12. Dead hemocytes were stained by propidium iodide (PI, magenta). In apoptosis-induced larvae, the GFP intensity of the remaining hemocytes was weakened to barely detectable level. Scale bar = 50 lm. (E) The number of hemocytes were counted in control /lL) were shown in green and magenta bars, respectively. GFP and PI double positive cells were counted as dead cells. Three independent samples were examined. * p < 0.0001 was calculated from unpaired t-test. Genotypes of larvae used in each panel were; control larvae (B, C, and E): w/w or Y; Cg-GAL4, UAS-GFP, 5xQE-dsRed/tub-GAL80 ts ; puc E69 -lacZ/+, and apoptosis-induced larvae (B, D, and E): w, UAS-rpr/w or Y; Cg-GAL4, UAS-GFP, 5xQE-dsRed/tub-GAL80 ts ; puc E69 -lacZ/+.
(100 mM Pipes, pH 6.9/1 mM EGTA/2 mM MgSO 4 ). After permeabilization in PBT (PBS containing 0.3% Triton X-100), samples were blocked in PBTB (PBS containing 0.3% Triton X-100 and 5% BSA) for 1 h at 4°C. The primary antibodies used were as follows: rabbit anti-cleaved Caspase 3 (Asp175) (1:200, Cell Signaling), rat anti-BrdU [BU1/75 (ICR1)] (1:200, Abcam), and mouse anti-b-gal (1:500, Promega). Alexa FluorÒ 488-conjugated goat anti-rabbit IgG, and Alexa FluorÒ 647-conjugated goat anti-rat IgG or anti-mouse IgG (invitrogen) were used as secondary antibody. All preparations were analyzed with a Leica TCS SP5 confocal microscope and a Leica DM6000 microscope with LAS AF software.
To visualize cell proliferation of regenerating discs, either larvae or host flies were cultured for one day on 3 mg/ml BrdU (Roche) mixed with erg2D yeast or standard medium, respectively. To confirm the feeding of BrdU-containing medium, red food coloring was mixed as previously described (Ito and Hotta, 1992) . For BrdU detection the discs were treated with 50 U/ml DNase (Roche) in TM (66 mM Tris-HCl, pH 7.5/5 mM MgCl 2 /1 mM b-melcaptoethanol) for 30 min after permeabilization.
Results

3.1.
Controlled developmental arrest using a diet with erg2 sterol mutant yeast The wounded wing discs in control (E and F) and immunodeficient larvae (G and H) at 48 h after wounding (day 14). The yellow arrowheads point to the wounded sites. Hemocytes were shown in green. The adhered hemocytes on the wound sites of control discs were decreased compared to day 13 (F), whereas the hemocytes recruited to the wounded sites in immunodeficient condition remained absent (H). Cells with incorporated BrdU are shown in magenta. Regenerative cell proliferation was observed at the wounded site of discs in both control (n = 15) (F) and the immunodeficient larvae (n = 16) (H). Genotypes of larvae used in each panel were; control larvae (A, B, E, and F): w/w or Y; Cg-GAL4, UAS-GFP, 5xQE-dsRed/tub-GAL80 ts ; puc
E69
-lacZ/+, and immunodeficient larvae (C, D, G, and H): w, UAS-rpr/w or Y; Cg-GAL4, UAS-GFP, 5xQE-dsRed/tub-GAL80 ts ; puc E69 -lacZ/+.
An important point of question while studying tissue regeneration in a developing animal is how to uncouple the regenerative cell proliferation in damaged tissues or organs from their normal developmental growth. For this purpose, we exploited a distinct system to prolong Drosophila larval development.
Since insects lack the metabolic pathway required for sterol biogenesis, the dietary uptake of sterols is indispensable during development to synthesize cholesterols and hence the molting steroid hormone ecdysone (Niwa and Niwa, 2011) . It has been previously reported that larvae of D. melanogaster fed on erg2 mutant yeast strain, which does not produce substrates for ecdysteroids, exhibited developmental arrest at the end of third instar larval stage (Bos et al., 1976; Parkin and Burnet, 1986) . We first generated an erg2 knockout mutant yeast strain (erg2D) by gene targeting (Janke et al., 2004) . Larvae grown on erg2D yeast medium reach the third instar stage similar to those grown on standard culture medium. However, they continued to live as larvae for more than 10 days at 25°C becoming larger in body size than the control (Fig. 1A) . We found that their internal organs retained their normal size and morphology with the only exception of the prothoracic gland. The imaginal discs of 12 days old larvae on erg2D yeast medium were comparable in size to those of middle-to-late third instar larvae (Fig. 1B and C) , while arrested larvae had an enlarged prothoracic gland ( Fig. 1D and  E) . We confirmed that the imaginal discs still respond to wounding when disc cells are genetically ablated (Fig. 2) . For this purpose, in the larvae grown on normal fly medium or erg2D yeast medium, the pro-apoptotic gene reaper (rpr) was over-expressed in the cells of the dorsal part of leg imaginal discs. The arrested larvae on erg2D medium exhibited wound-responsive compensatory cell proliferation at the wound sites (Fig. 2C ) similar to control larvae (Fig. 2B) .
The erg2D yeast medium is theoretically capable of arresting development of larvae with any genetic background and transgenic combination. The prolonged larval stage itself did not cause the abnormal cell death or cell proliferation on imaginal discs of the arrested larvae (Fig. 2D) . Therefore, we took advantage of this dietary-controlled developmental arrest to study the regenerative ability of damaged imaginal discs in immune cell deficient conditions.
Generation of immunodeficient larvae
In Drosophila, hemocytes and fat body cells form the important tissues for the innate host defense system (Lemaitre and Hoffmann, 2007) . In order to generate larvae deficient of immune cells, we induced apoptosis in both hemocytes and fat body cells following the experimental scheme shown in Fig. 3A . Apoptosis was induced by over-expressing rpr using Cg-GAL4, which is specifically activated in both major hemocytes (plasmatocyte and cristal cell) and fat body (Asha et al., 2003) . A temperature-sensitive GAL80 (GAL80 ts ) was exploited to keep the GAL4 activity quiescent at 18°C until larvae arrested development. Thus, the developmental growth of imaginal discs was completed before immune cells were depleted from the larvae. Starting from experimental day 9 (Fig. 3A) the temperature was raised to 29°C for inducing rpr 
over-expression. GFP was co-expressed with rpr in immune cells, allowing us to monitor cellular viability. Within 24-h after induction of rpr expression, the apoptotic cell death of both hemocytes and fat body cells became apparent (Supplementary Fig. 1 ). Both hemocytes and fat body of rpr-expressing larvae started to show the morphological characteristics of apoptosis such as cellular shrinkage and fragmentation. In contrast to the control, which is expressing GFP only, green fluorescence in apoptotically shrunk cells or fragmented bodies were barely detectable unless the signal was enhanced ( Supplementary Fig. 1B and B' ). Apoptotic cell death was also observed in the newly developed mature hemocytes in lymph gland, the hematopoietic organ in Drosophila ( Supplementary  Fig. 1D ). Both hemocytes and fat body cells became essentially extinct by the experimental day 12 when we used the larvae for in vivo wounding (Fig. 3B-E) . The number of circulating hemocytes in apoptosis-induced larvae was severely decreased compared to control (apoptosis-induced larvae: 6.72 ± 0.63 · 10 3 /lL, control larvae: 4.99 ± 0.35 · 10 4 /lL; p < 0.0001 from unpaired t-test). Most of the remaining cells were dying or dead cells, susceptible to propidium iodide incorporation (PI) ( Fig. 3D and E) . Furthermore, in apoptosisinduced larvae, the GFP intensity of shrunk hemocytes, or fragmented apoptotic bodies, was weakened to hardly detectable levels, suggesting the remaining cells barely managed to survive (Fig. 3C-E) . Some PI positive cells were also found in a subset of control hemocytes ( Fig. 3C and E, see also Supplementary Fig. 1A) , which is attributed to the turnover of circulating hemocytes.
3.3.
Regeneration ability of damaged discs in immunodeficient larvae
Since a disc transplantation experiment stimulates the host immune system to recover from stab wounding by transplantation, we preferred to perform in situ wounding of wing discs as a regeneration model. Following the experimental setup described above, we induced aseptic wounds on the imaginal discs of control or immune cells depleted larvae. Wing discs are located under the dorsal epidermis in living larvae and can be selectively identified and damaged using the red fluorescent signals driven by the vestigial quadrant enhancer (5xQE-dsRed, from (Zecca and Struhl, 2007) ) ( Fig. 3B and Supplementary Fig. 2) .
First, we examined the wound response of damaged discs cultured for 24 h after wounding, when the number of recruited hemocytes reaches its peak (Pastor-Pareja et al., 2008) . Previous studies showed that JNK signaling is activated at the wound sites of damaged tissues and is required for the subsequent regenerative cell proliferation (Bosch et al., 2008; Bosch et al., 2005; Ramet et al., 2002) . To inspect the activity of JNK signaling, we used an enhancer trap line of puckered (puc E69 -lacZ), which is a well-characterized downstream target reporter (Martin-Blanco et al., 1998; Ring et al., 1993) . We confirmed that JNK signaling was active 24 h after wounding in control larvae in the part of the wing pouch where in situ wounding was usually applied and we detected dozens of hemocytes adherent to the wound sites (n = 12) (Fig. 4A and  B) . Interestingly, the activation of JNK signaling was confined to the wound sites in immunodeficient larvae despite no adhered hemocytes were detected (n = 14) (Fig. 4C and D) . These results suggest that the imaginal discs of the larvae in developmental arrest could respond to wounding and that JNKmediated wound signaling is activated regardless of the recruitment of immune cells.
Next, to investigate whether the regenerative cell proliferation is affected by the immunodeficiency, we examined the incorporation of bromodeoxyuridine (BrdU) at the wound sites. Previous studies on fragmented imaginal discs regeneration showed that the localized cell proliferation at wound sites starts around 18-24 h after wounding and forms a regeneration blastema in the next 24 h (Bryant and Fraser, 1988; McClure et al., 2008) . Therefore, we fed BrdU to the wounded larvae for 24 h from experimental day 13 to day 14 (Fig. 3A) . Notably, at day 14 the regenerative cell proliferation was observed at wound site of the damaged imaginal discs in immunodeficient larvae (n = 16) as well as in control larvae (n = 15) ( Fig. 4E-G) . We realized that the degree of regenerative cell proliferation varied depending on the extent of the wounding in both control and immunodeficient samples. Nevertheless, the regenerative cell proliferation was observed in all the wounded discs examined. Therefore, these results suggest that immune system cells do not contribute to the regenerative growth of damaged imaginal discs.
3.4.
Regeneration capacity of fragmented discs in immunodeficient host adult flies Although in situ wounding has an advantage with respect to damaging imaginal discs in aseptic condition, it is technically less reproducible in terms of the extent of induced damage across discs compared to in vitro fragmentation of imaginal discs and subsequent transplantation. Thus, to address this issue we generated host flies deficient in immune cells to culture the fragmented imaginal discs. As summarized schematically in Fig. 5A , transgenic lines for both control and immunodeficient flies were grown on standard medium containing antibiotics at 18°C for 19 days until metamorphosis was almost completed. This is required since the fat body serves as a nutrient storage organ and is therefore indispensable for an optimum pupal development. The 19 days-old pupae were washed in 70% ethanol and then cultured at 29°C to induce apoptosis in immune cells. We confirmed immune cells marked by GFP were effectively depleted by three-days induction of apoptosis (Fig. 5B) . The posterior three-quarters of leg imaginal disc fragments were then transplanted into control or immunodeficient adult fly abdomens. Not surprisingly, immunodeficient flies were very sensitive to the epidermal wound generated during the transplantation procedure. About two-thirds of immunodeficient host flies died from bleeding or infection after transplantation.
To see regenerative cell proliferation of leg disc fragments cultured in the abdomen of immunodeficient host flies, the flies were transferred 24 h postoperative to BrdU-medium for one day (from experimental day 23 to day 24, see Fig. 5A ). By day 24, in 48-h cultivation period after fragmentation the rectangular cutting edge on transplanted discs was closed ( Fig. 5C and E) and regenerative cell proliferation was comparable ( Fig. 5D and F) . These results suggest that recruitment of immune system cells to the wound sites is neither necessary for wound healing nor for the regenerative growth of damaged imaginal discs.
Discussion
4.1. The erg2D mutant yeast as a new tool for arresting Drosophila larval development For D. melanogaster, yeast is one of the main sources of sterol substrates to biosynthesize ecdysteroids. Our results reconfirmed the findings of previous studies (Bos et al., 1976; Parkin and Burnet, 1986 ) that larvae reared on erg2D mutant yeast arrest their development at the mature third instar larval stage (Fig. 1) . The erg2D mutant yeast enabled us (1) to eliminate immune cells from the Drosophila larvae without affecting their development, and (2) to see the regenerative cell proliferation of wounded imaginal discs separately from their developmental growth. Using this system, it would even be possible to continue the development of arrested normal larvae to pupal stage by transferring them onto normal fly medium. However, fat body is essential for the pupal development. Hence, in immune-deficient larvae technically we cannot investigate the full patterning of the damaged wing discs during pupal stages. Hence, with this restriction the regenerative proliferation of damaged discs can only be assessed during the larval stage.
The advantage of this system is that the larval arrest is extrinsically induced. The conventional approaches to induce developmental arrest rely on intrinsic genetic mutations and thereby set some restrictions on usage. For example, the Drosophila mutation ecdysoneless 1 (ecd 1 ) has been widely used as an ecdysone-deficient mutant for developmental studies (Garen et al., 1977) . The ecd 1 is a recessive, temperature-sensitive allele, thereby requires temperature control to reduce wholebody ecdysone titers and to cause larval arrest. In contrast, the developmental arrest with erg2D yeast is solely dietary regulation, thereby facilitating usage in any Drosophila genetic background. The arrested larvae grown on erg2D yeast medium depict hypertrophic prothoracic glands (Fig. 1E) . Previous studies showed that the activity of insulin receptor/phosphoinositide 3-kinase (InR/PI3 K) signaling and/or the Ras signaling pathway modulate ecdysone release in prothoracic glands, and thereby affect both the duration and rate of larval growth (Caldwell et al., 2005; Colombani et al., 2005; Mirth et al., 2005) . Interestingly, the forced activation of either InR/PI3K or Ras signaling pathways in prothoracic glands causes a hypertrophic phenotype and induces pupation of immature larvae. Therefore, the observed hypertrophic prothoracic glands would not be a cause but a consequence of larval arrest by erg2D mutant yeast. Hence, there must be regulatory feed back loop in the prothoracic gland to enhance the production lines for ecdysone biogenesis to overcome a developmental arrest.
The larval arrest with erg2D yeast might be applied for various studies in Drosophila. For example, the mechanisms of growth control of imaginal disc by morphogens and other signaling pathways are still beginning to be understood (Hariharan and Bilder, 2006; Wartlick and Gonzalez-Gaitan, 2011) . Since the imaginal discs of arrested larvae do not change their final sizes, this may provide a unique system to study how the final size of imaginal disc is controlled and maintained. Thus, the erg2D mutant yeast that has not been utilized so far will be a versatile tool in conjunction with advanced Drosophila genetics.
4.2.
Which cells takes over the phagocytic roles of hemocyte?
The induction of apoptosis in the hemocyte lineages eliminated the majority of hemocytes before examining the ability of disc regeneration (Fig. 3C-E) . Although not addressed in this study, the phagocytic function of plasmatocytes must be hindered or taken over by other cells. Most likely undamaged discs cells will replace the function. Recent studies in Drosophila have shown that normal imaginal disc cells are capable of eliminating unfavorable neighbor cells, such as oncogenic cells, by engulfment (Li and Baker, 2007; Ohsawa et al., 2011) . Furthermore, it has been previously reported that during repair of a skin wound in PU.1 null mouse, which lacks neutrophils and macrophages, the phagocytosis of apoptotic cells by these inflammatory cells is taken over by the neighboring fibroblasts (Martin et al., 2003) . Therefore, under immunodeficient conditions, the surrounding undamaged cells in the wound imaginal discs could stand in for the missing plasmatocytes to remove the damaged or apoptotic cells.
This may also account for the finding that hemocytes restrict tumor growth but not regenerative growth. Previous studies suggested that hemocytes recruited to malignant tumors play a role as an extrinsic tumor suppressor (PastorPareja et al., 2008) . Since the tumor tissue was created entirely from the imaginal disc, there were no surrounding wild type imaginal disc cells to take over the phagocytic function. Thus, the presence or absence of recruited hemocytes would have a strong implication for the tumor growth.
4.3.
Hemocytes are not involved in disc regenerative growth
In Drosophila, the imaginal discs, the primordial tissues for the adult external structures and appendages, were shown to have a substantial regenerative capacity. For example, imaginal discs can regenerate to form normal adult appendages even after large lesions of disc cells are caused by X-rays irradiation or genetic cell ablation in the larvae (Bergantinos et al., 2010a; Haynie and Bryant, 1977; Smith-Bolton et al., 2009) . Regeneration of the imaginal discs is also observed under ex vivo conditions. When an imaginal disc is manually fragmented, transplanted and cultured in the abdomen of an adult fly, the disc cells at the wound site undergo proliferation and regenerate the missing parts (reviewed by Bergantinos et al., 2010b) . Despite the remarkable regeneration ability imaginal discs are exhibiting even under an unusual culture environment, there is still no in vitro culture condition available to reproduce the full regeneration program of imaginal discs. Thus, there may be hidden extrinsic support for regeneration of imaginal discs in the immune-controlled nutritious fluid known as hemolymph.
In this study we investigated the wound healing and regenerative cell proliferation of damaged imaginal discs under immunodeficient condition. Immune response, including inflammation following tissue damage, has been considered as an inevitable consequence to ensure the immediate local host defense to invading pathogens. Here our result showed, in regeneration of Drosophila imaginal discs, innate immune cells are not essential prerequisite for the wound healing process by itself. These results suggest that regeneration capability of imaginal discs is attributed to the intrinsic property of the surrounding disc cells at wound site.
